Two-component systems (TCS) are major signal transduction pathways that allow bacteria to detect and respond to environmental and intracellular changes. A group of TCS has been shown to be involved in the response against antimicrobial peptides (AMPs). These TCS are characterized by the possession of intramembrane-sensing histidine kinases, and they are usually associated with ABC transporters of the peptide-7 exporter family (Pep7E). Lactobacillus casei BL23 encodes two TCS belonging to this group (TCS09 and TCS12) that are located next to two ABC transporters (ABC09 and ABC12), as well as a third Pep7E ABC transporter not genetically associated with any TCS (orphan ABC). This study addressed the involvement of modules TCS09/ ABC09 and TCS12/ABC12 in AMP resistance. Results showed that both systems contribute to L. casei resistance to AMPs, and that each TCS constitutes a functional unit with its corresponding ABC transporter. Analysis of transcriptional levels showed that module 09 is required for the induction of ABC09 expression in response to nisin. In contrast, module 12 controls a wider regulon that encompasses the orphan ABC, the dlt operon (D-alanylation of teichoid acids), and the mprF gene (L-lysinylation of phospholipids), thereby controlling properties of the cell envelope. Furthermore, the characterization of a dltA mutant showed that Dlt plays a major role in AMP resistance in L. casei. This is the first report on the regulation of the response of L. casei to AMPs, giving insight into its ability to adapt to the challenging environments that it encounters as a probiotic microorganism.
L actobacillus casei is a facultatively heterofermentative lactic acid bacterium commonly found in foodstuffs, plant material, and the oral cavity, gastrointestinal tract, and genital tract of humans and animals. It is also used as a starter culture in the food industry, and some strains are considered probiotics (1, 2) . It is generally agreed that probiotic microorganisms must be able to reach their place of action in a viable and active state in order to exert their beneficial effects on the host. They face a great variety of physicochemical stresses during industrial production, processing, and storage, as well as during their passage through the gastrointestinal tract (2, 3) . Furthermore, the intestine is a challenging habitat for probiotics due to competition with the resident microbiota and the action of the host defenses. Among other factors, antimicrobial peptides (AMPs) produced both by the innate immune system of the host (4) (5) (6) (7) (8) and by other microorganisms present in the gastrointestinal tract (9, 10) constitute a major challenge for survival in the intestine.
AMPs usually consist of 12 to 50 amino acids with a net positive charge of ϩ2 to ϩ7; thus, they are called cationic antimicrobial peptides. They are amphipathic molecules, which makes them selective toward interaction with and insertion into the negatively charged bacterial membranes (11) . The production of cationic AMPs has been reported in virtually all groups of organisms, including bacteria, fungi, plants, and animals (12) . Epithelial and immune system cells in the intestine segregate cationic AMPs to the intestinal lumen (6) . Together with other immune system effectors, they constitute the first line of innate host defenses in the mucosal surfaces (4) (5) (6) (7) . In addition to host-produced cationic AMPs, members of the resident microbiota also produce AMPs known as bacteriocins. Bacteriocins are ribosomally synthesized, heat-stable antimicrobial peptides produced by bacteria (9, 13) . They can have a broad or a narrow spectrum of action, and the producer strains usually express specific self-protective mechanisms against them (9, 13) . Most AMPs target essential cell enve-lope structures (6, 13) . For example, nisin, a lantibiotic produced by strains of Lactococcus lactis, presents a dual mode of antimicrobial activity: it binds with high affinity to the sugar-pyrophosphate moiety of the bacterial cell wall precursor lipid II and uses it as a docking molecule to cause inhibition of cell wall biosynthesis and pore formation in the bacterial membrane (14) (15) (16) .
On the other hand, bacteria have evolved mechanisms to detect and elicit a resistance response against AMPs. Among them, twocomponent signal transduction systems (TCS) play a major role in these processes (17) (18) (19) (20) (21) . TCS are typically constituted by a membrane-bound histidine kinase that acts as a signal sensor/transducer and a response regulator that usually acts as a transcription activator/repressor (22) (23) (24) (25) . Histidine kinases monitor environmental signals and, in response to a stimulus, autophosphorylate at a highly conserved histidine residue (H-box). The high-energy phosphate group is subsequently transferred to an aspartyl residue on the response regulator receiver domain. Phosphorylation of the response regulator in turn modulates the activity of the response regulator effector domain (22) .
A particular group of TCS found in some Firmicutes has been shown to be involved in the response to cell envelope stress exerted mainly by peptide antibiotics (17, (26) (27) (28) . The histidine kinases of these TCS belong to the intramembrane-sensing histidine kinase subfamily (29) and are characterized by the possession of two transmembrane helices with a short extracellular linker and no cytoplasmic domains besides the H-box and the kinase domain. These systems are typically associated with ATP-binding cassette (ABC) transporters of the peptide-7 exporter (Pep7E) family (17, 26) . These ABC transporters consist of an ATPase subunit and a permease with 10 transmembrane helices and a large (202 amino acids) extracellular domain between helices 7 and 8. Interestingly, the characterization of some of the TCS and cognate ABC transporters, such as BceRS/BceAB of Bacillus subtilis (21, (30) (31) (32) and BceABRS of Streptococcus mutans (33) , has shown that the histidine kinase alone is unable to detect the presence of the antimicrobial peptide, and that it requires the ABC transporter for signaling. Therefore, TCS and ABC transporters work as functional units, here termed AMP resistance modules.
A previous survey of the TCS encoded by L. casei BL23 identified two gene clusters encoding TCS homologous to BceRS of B. subtilis: TCS09 (LCABL_16420/16430) and TCS12 (LCABL_ 19600/19610 ). Both of these were associated with genes encoding putative ABC transporters (ABC09 [LCABL_16400/16410] and ABC12 [LCABL_19580/19590]) ( Fig. 1) (34) . In this previous study, inactivation of the corresponding response regulators led to increased sensitivity to antimicrobial peptides, such as bacitracin and nisin (34) . Furthermore, it was observed that a strain defective in RR12 displayed a pleiotropic phenotype of greater sensitivity to environmental stresses, like presence of bile, acidic pH, and high temperatures (34) . Together, these data suggested that these systems are involved in the cell envelope stress response of L. casei BL23. This prompted us to investigate in detail the functional role of these TCS and their cognate ABC transporters in L. casei and the possible regulatory links between them. The results presented here show that TCS09/ABC09 is a detoxification module involved specifically in resistance to AMPs, whereas TCS12/ABC12 controls a larger regulon involved in the maintenance of the physicochemical properties of the cell envelope.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. The strains and plasmids used in this study are listed in Table 1 . Escherichia coli DH10B was used as an intermediate host for cloning purposes. E. coli strains were grown in LB medium at 37°C with aeration. L. casei strains were grown in MRS broth (Oxoid) at 37°C under static conditions. The corresponding solid media were prepared by adding 1.5% (wt/vol) agar. Strains were stored at Ϫ80°C in their corresponding growth media containing 20% (vol/vol) glycerol. Antibiotics used were 100 g ml Ϫ1 ampicillin for E. coli and 5 g ml Ϫ1 erythromycin for L. casei.
Comparative genomics and motif-based searches for putative Bcelike response regulator binding sites. The phylogenetic classification of BceRS-like TCS and BceAB-like ABC transporters by Dintner and coworkers (17) included the permeases and histidine kinases of L. casei ATCC 334 but not those of L. casei BL23. Since these two strains are highly homologous (36, 37) , we performed a nucleotide BLAST (http://blast .ncbi.nlm.nih.gov/) of the L. casei BL23 genome using the previously identified genes of L. casei ATCC 334 as queries. Genes with 98 to 99% identity were identified in all cases (LCABL_16400 to LSEI_1417, LCABL_16420 to LSEI_1419, LCABL_19580 to LSEI_1738, LCABL_19610 to LSEI_1741, and LCABL_21670 to LSEI_1993). Therefore, all L. casei BL23 proteins were assigned to the same phylogenetic group as those of L. casei ATCC 334.
Putative binding sites for the response regulators were identified by a Nisin is shown as a substrate interacting with the permeases. Putative transport of nisin by the permeases is shown by green double-headed dotted arrows. Signal transfer between TCS09 and ABC09 and between TCS12 and ABC12 is indicated in the membrane bilayer. Putative phosphotransfer between the histidine kinases and response regulators is shown by black dotted arrows. Transcriptional activation is shown by black arrows; additional target genes for module 12 are listed. P, A, R, and H stand for permease, ATPase, response regulator, and histidine kinase, respectively. manual search of candidate promoter regions for sequences with similarity to the described binding consensus TNACA-N4-TGTAA (17) . Construction of mutants. Standard methods were used for cloning in E. coli (38) . Oligonucleotides used in this study are listed in Table S1 in the supplemental material. E. coli strains were transformed by electroporation with a Gene Pulser apparatus (Bio-Rad), as recommended by the manufacturer, and L. casei strains were transformed as described previously (39) .
L. casei mutant strains DLT, MPRF, P09, and P12 were obtained by insertional inactivation of the corresponding genes (Table 1 ). Primers were designed to amplify regions of the L. casei BL23 genome corresponding to an internal region of each gene. In order to generate knockout mutants in dltA and mprF genes, the corresponding PCR products were digested with HindIII/SpeI and ligated to the integrative vector pRV300 (35) digested with the same enzymes. For mutants L. casei P09 and L. casei P12, the PCR products were cloned into pRV300 vector linearized with KpnI using a CloneEZ PCR cloning kit (GenScript) by following the manufacturer's instructions. The resulting constructs (Table 1) were transformed into E. coli DH10B, verified by restriction analysis, and used to transform L. casei BL23. Single-crossover integrants were selected by resistance to erythromycin, and insertional inactivation of the target gene was confirmed by PCR with a primer hybridizing to an external region of the cloned fragment in the genome and a primer hybridizing to the vector.
In order to obtain a BL23-derived strain harboring a complete deletion of gene LCABL_16430 (⌬RR09), flanking fragments of the region to be deleted were amplified using primer sets RG058/RG059 and RG060/ RG061. The resulting PCR products were fused by PCR; the fusion product was digested with EcoRI/XhoI and ligated into pRV300 digested with the same enzymes. The resulting construct (Table 1 ) was transformed into E. coli DH10B, verified by restriction analysis and by DNA sequencing, and subsequently introduced into L. casei BL23 by electroporation. Single-crossover integrations were checked as described before. One single-crossover integrant was grown in MRS without erythromycin for approximately 200 generations in order to obtain a second crossover recombination, leading to the loss of the gene of interest. Cells were plated on MRS and replica plated on MRS plus erythromycin. Antibiotic-sensitive clones were isolated, and excision of the pRV300 derivatives leading to deletion of the chromosomal region of interest was checked by PCR and confirmed by sequencing of PCR-amplified fragments spanning the deleted regions.
Cytochrome c binding assay. Comparison of the whole-cell surface charges of the wild-type strain and mutants ⌬RR12, P12, DLT, MPRF, and ⌬RR09 was performed by a cytochrome c binding assay as described elsewhere (40) (41) (42) and modified as follows. Bacterial cells at stationary phase were harvested by centrifugation and washed twice with one volume of 20 mM MOPS (morpholinepropanesulfonic acid), pH 7. The cells were resuspended in the same buffer at a final concentration of 10 10 CFU ml Ϫ1 and incubated with 150 g ml Ϫ1 cytochrome c (Sigma) for 10 min at room temperature. The mixture was centrifuged twice, and the absorbance of the supernatant (containing unbound cytochrome c) was determined at 530 nm. The binding ratio was calculated by comparing the absorbance of each supernatant after incubation with the cells relative to the absorbance of the cytochrome c solution without bacterial cells. Results shown are the means and standard deviations from three independent experiments.
Phenotypic characterization of L. casei BL23 and mutants. The growth of L. casei BL23 and mutants ⌬RR12, P12, DLT, and MPRF under different stress conditions was determined as previously described (34) and monitored as the optical density at 595 nm (OD 595 ). Briefly, cells from frozen stocks were inoculated onto MRS agar plates and incubated at 37°C. Single colonies were grown in MRS until stationary phase. Cells were harvested by centrifugation and washed twice with two volumes of 0.1% (wt/vol) peptone-water. Cells were inoculated to a final OD 595 of 0.05 in 250 l of the corresponding medium and dispensed in 96-well microtiter plates. Growth was monitored for 20 h by changes in the OD 595 . The conditions tested were reference conditions (MRS at 37°C without shaking), MRS adjusted to pH 4 with HCl, MRS buffered with 0.1 M phosphate buffer (pH 6.8), MRS supplemented with 0.5% (wt/vol) bile, and growth in MRS at 42°C. No antibiotics were used in the growth assays. No revertants to the wild-type genotype were detected under these experimental conditions. At least three independent replicates of each growth curve were obtained.
The MIC of the cell wall-acting AMPs bacitracin, mersacidin, nisin, plectasin, vancomycin, and subtilin for all mutants was determined in MRS using different concentrations of the antimicrobial agents. The assays were performed in 96-well microtiter plates inoculated and incubated as indicated above. The MIC was defined as the lowest concentration of antimicrobial agent needed to completely inhibit the growth of the bacterial strain at 15 h. All experiments were performed in duplicate. Reverse transcription and qRT-PCR. Samples for RNA isolation were collected as follows. Overnight cultures from single colonies of L. casei BL23 and defective mutants were used to inoculate 100 ml MRS medium to a final OD 595 of 0.06. Cells were grown at 37°C to an OD 595 of 0.5. Each culture was split into two halves, and nisin, at a sublethal concentration, was added to one half, leaving the other half untreated (control). Incubation was continued for 10 min, and three samples of 10 ml were taken from each culture. The cells were harvested by centrifugation (5,000 ϫ g, 10 min, 4°C) and washed with 1 volume of cold 50 mM EDTA (pH 8.0), and the bacterial pellets were frozen at Ϫ80°C until use. The nisin concentrations used in the induction assays were 22.5 and 750 ng ml Ϫ1 for L. casei BL23 and 22.5 ng ml Ϫ1 for the defective mutants. Isolation of total RNA from L. casei strains, synthesis of cDNA, primer design, and quantitative real-time PCR (qRT-PCR) were carried out as described previously (43) . Primers used are listed in Table S1 in the supplemental material. The lepA, ileS, pyrG, and pcrA sequences were selected from a set of 10 reference genes (43) by using the geNorm application (44) . The relative expression based on the expression ratio between the target genes and reference genes was calculated using the software tool REST (45) . Linearity and amplification efficiency were determined for each primer pair. Every real-time PCR determination was performed at least six times.
RESULTS

L. casei BL23 encodes two BceRS-like TCS and three BceAB-like
ABC transporters in its genome. Two out of the 17 TCS encoded by L. casei BL23 were shown to belong to the Bce-like TCS group: TCS09 and TCS12 (34) . They possess intramembrane-sensing histidine kinases with 4-and 9-amino-acid extracellular loops (HK09 and HK12, respectively) between the transmembrane helices. Comparative genomics analyses showed that L. casei BL23 possesses three BceAB-like ABC transporters in its genome: ABC09 and ABC12, located adjacent to TCS09 and TCS12, respectively, and a third one not genetically associated with any TCS, termed orphan ABC (OrABC) ( Fig. 1 ; also see Table S2 in the supplemental material). According to the phylogenetic classification of Dintner et al. (17) of BceRS-like TCS and BceAB-like ABC transporters, TCS09 and ABC09 belong to group II, TCS12 belongs to group V, ABC12 could not be assigned to any group, and OrABC belongs to group VI. This phylogenetic group assignment raised several questions. On one hand, the fact that both components of module 09 (TCS09 and ABC09) belonged to the same phylogenetic group led us to hypothesize that they could work as a functional unit, as has been previously described for homologous modules of B. subtilis and Staphylococcus aureus (27) . On the other hand, we wondered if module 12 could also be a functional unit, since the signal transfer would occur between a TCS and an ABC transporter from different groups. Finally, OrABC belongs to group VI, which is unique because members of that group are never associated with a TCS. Most of these orphan ABCs contain a putative response regulator binding site in their promoter regions, but so far it has not been determined how their expression is regulated. This study aims to provide answers to these questions.
Inactivation of Bce-like TCS systems or their cognate ABC transporters results in increased sensitivity to antimicrobial compounds. The homology of modules 09 and 12 to proteins involved in AMP resistance, together with experimental evidence previously obtained, strongly suggested that these systems are involved in AMP resistance in L. casei as well (34) . Furthermore, the genetic organization also suggested that TCS09/ABC09 and TCS12/ABC12 work as functional units, as previously described for other BceAB/BceRS homologous systems. In order to ascertain these points, a collection of mutant strains defective in the response regulators of the TCS and the permease subunits of the cognate ABC transporters were obtained, and the sensitivity of the wild type and all of the mutants to AMPs (bacitracin, nisin, mersacidin, plectasin, subtilin, and vancomycin) was tested.
Mutant L. casei ⌬RR12 had been previously obtained (34) . The RR09-encoding gene is located immediately upstream of the HK09 and ABC09 genes (Fig. 1) . In order to avoid polar effects of the mutation of RR09 on the expression of the genes located downstream, a deletion mutant (L. casei ⌬RR09) was obtained. Mutants L. casei P09 and L. casei P12 were constructed by insertional inactivation, since the genes encoding permease 09 and permease 12 are located at the end of their corresponding gene clusters ( Fig. 1) , thus polar effects of the insertion on the expression of downstream genes were unlikely.
The sensitivity of the mutants to AMPs was estimated by determining the MICs of bacitracin, mersacidin, nisin, plectasin, subtilin, and vancomycin ( Table 2) . Strain P09 was more sensitive to bacitracin, nisin, plectasin, and subtilin (MICs were approximately 2-fold lower than those for the wild-type strain; Table 2 ). Strain ⌬RR09 displayed the same phenotype as P09. These results suggest that TCS09 and ABC09 work together as a functional unit in mediating AMP resistance.
On the other hand, strain P12 was more sensitive than the wild-type strain to all of the AMPs tested (MICs were 2-fold lower for bacitracin and subtilin, 4-fold lower for vancomycin and mersacidin, 6-fold lower for nisin, and 16-fold lower for plectasin; Table 2 ). Interestingly, mutant ⌬RR12 displayed the same phenotype as P12 ( Table 2 ), suggesting that they also constitute a functional unit that mediates AMP resistance, even though TCS12 and ABC12 do not belong to the same phylogenetic group. Transcriptional response of L. casei BL23 and derived strains to nisin. To further investigate the role of module 09, module 12, and OrABC in AMP resistance, the transcriptional response of the corresponding genes to AMPs was determined by qRT-PCR using nisin as a model AMP. The nisin concentrations used for these assays were chosen so that they had a significant effect on the growth rate, but they did not completely inhibit the growth of the strains tested (data not shown). Accordingly, a concentration of 22.5 ng ml Ϫ1 of nisin was chosen for the mutant strains, whereas two concentrations of nisin were used for the wild-type strain, 22.5 and 750 ng ml Ϫ1 , due to its higher resistance to nisin. Exposure of exponentially growing cultures of L. casei BL23 to nisin resulted in a concentration-dependent induction of the expression of genes encoding ABC09 and OrABC, whereas very small changes in the expression of TCS09, TCS12, and ABC12 were detected (Fig. 2) .
Derivative strains ⌬RR09 and P09 displayed the same transcriptional profile (Fig. 3 ). In the reference condition, only small differences in transcript levels between both mutant strains and the wild-type strain were observed (Fig. 3A) . In contrast, inactivation of either RR09 or permease 09 led to a loss of induction of the ABC09 genes in response to nisin ( Fig. 3B and C) , whereas the genes encoding OrABC still were induced by nisin. These results indicate that TCS09 is required for the induction of ABC09 observed in the wild-type strain in response to nisin. Furthermore, they also support the hypothesis of ABC09 being part of the signaling pathway, possibly acting as the sensory partner of TCS09.
Comparison of strains ⌬RR12 and P12 to the wild-type strain showed that both mutations had a similar effect on the gene expression profiles (Fig. 3 ). In reference conditions (Fig. 3A) , a strong decrease in expression of the OrABC-encoding genes was observed. This effect was also observed after addition of nisin (Fig.  3B ). Furthermore, an 8-fold higher induction of genes encoding ABC09 in response to nisin compared to the parental strain ( Fig.  3B and C) was observed in these mutants. The possible reasons for this increased expression are discussed below. In contrast, small differences in the transcript levels of genes encoding RR09, RR12, permease 12, and ATPase 12 were observed compared to the parental strain (Fig. 3A, B, and C) . These results show that module 12 is required for the expression of OrABC, and that expression of ABC12 is not under the transcriptional control of TCS12.
The identical transcriptional profiles of strains ⌬RR09 and P09 on one hand and strains ⌬RR12 and P12 on the other are in agreement with the hypothesis that each TCS and ABC couple works together as a functional unit.
Identification of putative target promoters of RR09 and RR12 and verification of the predictions by qRT-PCR. The determination of the transcriptional levels in cells exposed to nisin indicated that module 09 regulated the expression of its cognate transporter ABC09, whereas module 12 regulated the expression of OrABC but not the expression of its cognate ABC12. Furthermore, previous studies had shown that mutant ⌬RR12 was sensitive to environmental stresses, such as the presence of bile, acidic pH, and high temperature (34) . These findings prompted the question of whether TCS12 could also regulate the expression of genes controlling other cellular functions.
To identify putative promoters under the control of TCS09 or TCS12, a motif-based search of the L. casei BL23 genome based on the consensus binding sequence for BceR-like response regulators described in Dintner et al. (17) was carried out (Fig. 4A) . Four putative BceR-like target promoters upstream of genes encoding ATP09, OrATPase, LCABL_08540, and LCABL_24490 were found in L. casei BL23 (Fig. 4B) . Gene LCABL_08540 is a small gene upstream of the dlt operon of L. casei BL23 (37) which encodes the molecular machinery for the synthesis of D-alanyl lipoteichoic acids (46) . LCABL_08540 encodes a putative uncharacterized protein that appears conserved between different Lactobacillus strains, where it is annotated as a D-Ala-teichoic acid biosynthesis-related protein. However, it is not known if it contributes to the functionality of the dlt operon in L. casei BL23 (46); thus, we focused our attention on the remaining genes of the dlt operon (starting at dltA). Gene LCABL_24490 encodes a putative protein significantly similar to characterized lysyl-phosphatidylglycerol (Lys-PG) synthetases (47, 48) encoded by Listeria monocytogenes (47% identical residues, 68% conserved residues) and Staphylococcus aureus (29% identical residues, 52% conserved residues). Therefore, we have renamed this gene mprF.
The transcriptional levels of dltA and mprF in L. casei BL23 and all derived mutant strains were determined by qRT-PCR in reference conditions and after nisin induction to test whether a regulatory link exists between the Bce-like modules and the dlt and mprF genes of L. casei BL23. The expression of dltA and mprF in reference conditions, relative to the wild type, was severely decreased in mutants P12 and ⌬RR12 (Fig. 5A) , whereas no significant differences were found in mutants P09 and ⌬RR09. After addition of nisin, expression of dltA and mprF remained very low compared to the parental strain in strains P12 and ⌬RR12 (Fig.  5B ). Taken together with the predicted promoter binding sites, these data strongly suggest that module 12 regulates the basal expression of the dlt operon and mprF gene in L. casei BL23. Interestingly, while the overall expression levels were much lower in mutants P12 and RR12 compared to that of the wild type, nisindependent induction of both the dlt operon (approximately 4.5fold) and mprF gene (approximately 2-fold) relative to reference conditions was still observed (Fig. 5C ). These data suggest that L. casei must harbor an additional regulatory system to control their expression.
The pleiotropic phenotype of module 12-defective strains is due to a low expression of the dlt operon. We then addressed the question of whether the pleiotropic phenotype previously described for the ⌬RR12 mutant (34) was due to reduced expression of MrpF or Dlt. To this end, two new mutant strains were obtained by insertional inactivation of mprF and dltA: L. casei MPRF and L. casei DLT, respectively ( Table 1) . Growth of these two strains un-der different conditions was compared to that of the wild-type strain and mutants ⌬RR12 and P12 as previously described (34) . Mutant MPRF showed the same phenotype as the wild type under all conditions tested (Fig. 6 ). However, mutants DLT, P12, and ⌬RR12 did not reach the same final OD 595 as the wild type in reference conditions (Fig. 6A) , were more sensitive to 0.5% bile and high temperature ( Fig. 6B and C) than the wild type, and were not able to grow at pH 4 (Fig. 6D) . To ascertain if the lower final OD under reference conditions was due to a higher sensitivity to acid, the bacteria were grown in MRS supplemented with 0.1 M phosphate buffer, thus preventing acidification of the medium during growth. Under these conditions, mutants DLT, P12, and ⌬RR12 were able to reach final OD 595 values similar to those of the wild type (Fig. 6E ). This result demonstrates that the different levels of growth in reference conditions are mainly due to higher acid sensitivities.
The MICs of the previously assayed AMPs against the strains DLT and MPRF were also determined ( Table 2 ). The MICs of nisin, vancomycin, plectasin, mersacidin, and subtilin obtained for the DLT mutant were similar to the MICs for mutants P12 and ⌬RR12 ( Table 2 ). In contrast, strain MPRF showed MICs similar to those of the wild type with only a slight increase in sensitivity to bacitracin and mersacidin ( Table 2) .
Since Dlt and MprF activities modulate the bacterial cell surface charge and thus affect the susceptibility to AMPs (40, 42) , a cytochrome c binding affinity assay was performed to determine whether strains DLT and MPRF actually displayed a difference in cell surface charge compared to the wild-type strain. Cytochrome c is a highly positively charged protein, and its binding to the bacterial surface depends on the net negative charge. L. casei BL23 and strain ⌬RR09 bound ϳ30% of the cytochrome c present in the solution (Fig. 7) . Strains ⌬RR12, P12, and DLT bound 67.5, 75, and 89%, respectively, of the cytochrome c present in the solution (Fig. 7) , indicating that they have a more negative surface charge than the wild-type strain. However, the mprF mutant showed the same phenotype as the wild-type strain (Fig. 7) .
Considering these results together, we conclude that the pleiotropic phenotype of module 12 mutants is due to the low expression of the dlt operon that leads to an increase in the net negative charge of the bacterial surface.
DISCUSSION
AMPs are key components of the innate immune defense system (49) , but bacteria also produce AMPs in order to gain an advantage in complex microbial communities, such as the gut microbiome (50) . Conversely, bacteria have evolved sophisticated systems to counteract the action of AMPs. BceRS/BceAB modules have been shown to be involved in AMP resistance in different Firmicutes bacteria (17, 19, 21, 32, (51) (52) (53) . In this study, we showed that the BceRS/BceAB-like modules of L. casei BL23, TCS09/ABC09 and TCS12/ABC12, are also involved in AMP resistance in this probiotic microorganism. Inactivation of either RR09 or permease 09 led to higher sensitivity to bacitracin, nisin, plectasin, and subtilin than that observed in the wild-type strain, whereas inactivation of either RR12 or permease 12 resulted in higher sensitivity to bacitracin, nisin, mersacidin, plectasin, subtilin and vancomycin ( Table 2 ). In this study, we have used nisin as a model AMP. Nisin belongs to the group of lantibiotics, ribosomally synthesized peptides which are characterized by lanthionine or methyllanthionine rings, among other posttranslational modifications (54) (55) (56) . Mature nisin is an elongated, amphipathic, and positively charged molecule, and it is active against Gram-positive bacteria, including lactobacilli. Nisin-producing strains possess immunity conferred to them by the lipoprotein NisI and the ABC transporter NisFEG (57) . NisFEG does not belong to the peptide-7 exporter family; thus, it is not related to BceAB-like ABC transporters. Strong synergy between NisI and NisFEG has been observed, indicating that both proteins are required for immunity (54) .
An important feature of Bce-like modules characterized to date is that the transporters are required for stimulus perception and signal transduction within the modules (17, 26, 30, 52) . The re- sults reported in this study showed that the mutant strains defective in the response regulator and its associated ABC permease from the same module displayed identical phenotypes and changes in transcript levels ( Table 2 and Fig. 3 and 5) . These re-sults strongly suggest that both TCS09 and TCS12 require their respective ABC transporters; therefore, these TCS and ABC transporters work as functional modules, as has been previously described for other systems of this group (30, 32, 33, 52) .
Determination of changes in transcript levels in response to nisin showed that the genes coding for ABC09, but not RR09, are induced in L. casei BL23 in response to nisin in a concentrationdependent manner (Fig. 2) . This induction was lost in the mutant strains ⌬RR09 and P09 ( Fig. 3B and C) . These results show that TCS09 regulates the nisin-dependent expression of ABC09 and strongly suggest that both the TCS and the ABC transporter are required for nisin induction of ABC09 expression. Our findings also suggest that ABC09 confers resistance to the compound that induces its expression, similar to what has been described for the ABC transporters BceAB and PsdAB of B. subtilis (21) . Therefore, taking into consideration the evidence provided by other homologous systems and the results obtained in this study, we propose that the target AMP (nisin) is sensed by ABC09 and activates HK09, which transfers the signal to RR09, resulting in the induction of the expression of ABC09, which confers the resistance (Fig. 1) .
On the other hand, small changes in response to nisin were detected in the transcript levels of the genes coding for ABC transporter 12 as well as the RR12 gene. Since a transporter involved in substrate sensing but not in transport does not necessarily need to increase its expression in response to the presence of the substrate (17) , this result suggests that module 12 acts as a sensory system centage of cytochrome c bound to stationary-phase cells of strain BL23 and derivatives after incubation with 150 g ml Ϫ1 cytochrome c for 10 min at room temperature. Data represent the means and standard deviations from three independent experiments. Asterisks indicate significant differences (P Ͻ 0.05 by the unpaired Student t test) between the indicated strain and the control strain (BL23). without detoxification function. Furthermore, the transcript levels of the genes encoding the orphan ABC transporter, the dlt operon, and the mprF gene in the Per12 mutant was lowered to the same basal levels as those in the ⌬RR12 mutant, both in reference conditions ( Fig. 3A and 5A ) and in response to nisin ( Fig. 3B and  5B) , relative to the wild type. These results further support that ABC12 is as essential as TCS12 for controlling the constitutive expression of the dlt operon, gene mprF, and the orphan ABCencoding genes but apparently not for a specific response to nisin. This idea is further substantiated by the fact that the expression of genes controlled by module 12 is still induced in module 12-defective mutants (Fig. 3C and 5C ), although their transcript levels are much lower than those in the parental strain. These data suggest that other regulatory systems besides module 12 control the expression of the dlt operon and mprF in L. casei BL23.
The involvement of BceRS/BceAB modules in the control of the cell envelope charge has been previously described in other organisms. For example, the GraRS TCS of S. aureus and the homologous system ApsRS of Staphylococcus epidermidis control the expression of the dlt operon and mprF, as well as vraFG, which encodes a BceAB-like transporter that also mediates the AMP resistance (19, 20, 51, 58) . The TCS VirRS of Listeria monocytogenes also controls expression of the dlt operon and mprF, among other genes (59) . Interestingly, VirRS apparently does not regulate the expression of its adjacent ABC transporter Lmo1747-1746 (59), but it regulates the expression of the nongenetically associated ABC transporter AnrAB, which has also been shown to be involved in AMP resistance (60) .
Initial binding of cationic AMPs to bacterial cell envelopes is mediated by electrostatic attraction between the positively charged peptides and the negatively charged bacterial surfaces (12) . Bacteria can utilize a number of mechanisms to modulate their cell envelope charge. Many Gram-positive bacteria can neutralize polyanionic teichoic acid polymers of the cell wall by esterification with D-alanine (61) . The machinery required for this activity is encoded by the dlt operon. The MprF protein is found in both Gram-positive and Gram-negative bacteria. It catalyzes the modification of the anionic phospholipids of the membrane with L-lysine or L-alanine (62) . Thus, MprF and the DltABCD system function as bacterial immune evasion systems that confer resistance to cationic AMPs by reducing the negative net charge of the bacterial cell surface (19, 20, 40, 42, 48, (61) (62) (63) . Besides the sensitivity to antimicrobial peptides, other phenotypes have been associated with a nonfunctional Dlt system. For example, inactivation of dltC in Streptococcus mutans resulted in the loss of the acid tolerance response and lower growth rate than that of the parental strain (64) .
The cytochrome c binding assay showed that low expression of the dlt operon in L. casei effectively led to an increase in the net negative charge of the bacterial surface in mutants ⌬RR12, P12, and DLT (Fig. 7) . These strains also displayed lower AMP resistance and growth defects ( Table 2 and Fig. 6 ). On the contrary, low expression of MprF did not significantly change the cell surface charge ( Fig. 7) and only resulted in a 2-fold decrease in MIC for bacitracin and mersacidin (Table 2) , whereas its growth was similar to that of the wild-type strain under all other conditions tested (Fig. 6 ). Ernst and colleagues (63) reported that the level of lysylphosphatidylglycerol (Lys-PG) did not correlate with the level of cationic AMP resistance, since a basal amount of Lys-PG is enough to confer full cationic AMP resistance. Together, these results indicate that the growth defects observed in module 12defective mutants were mainly due to low expression of the dlt operon. In this sense, it is worth noting the higher expression of ABC09 in response to nisin in the module 12-defective mutants compared to the wild-type strain (Fig. 3B) . A possible explanation for this observation is that the higher cell surface negative charge of these mutants would increase their affinity for nisin and, thus, increase the signal for induction of ABC09, although additional evidence is needed to test this hypothesis.
In conclusion, results reported in this study show that the BceRS/BceAB-like modules of L. casei BL23, TCS09/ABC09 and TCS12/ABC12, are involved in AMP resistance in this probiotic microorganism (Fig. 1) . It was also shown that BceRS-like TCS of L. casei BL23 constitute functional modules with their cognate ABC transporters. Module 09 regulates the expression of its cognate ABC09, which may have dual functions of sensing and resistance to AMPs. Module 12 is an AMP sensory system where ABC12 does not have a direct role in AMP detoxification. The sensitivity of module 12 mutants to AMPs and their pleiotropic phenotype is caused by reduced expression of the RR12-regulated genes, in particular the dlt operon. The function of OrABC, the third target operon of module 12, remains unclear. To our knowledge, this is the first report on the characterization of a complete set of AMP resistance mechanisms in the probiotic species L. casei.
